Abstract. Alzheimer's disease (AD) drug development is burdened with the current requirement to conduct large, lengthy, and costly trials to overcome uncertainty in patient progression and effect size on treatment outcome measures. There is an urgent need for the discovery, development, and implementation of novel, objectively measured biomarkers for AD that would aid selection of the appropriate subpopulation of patients in clinical trials, and presumably, improve the likelihood of successfully evaluating innovative treatment options. Amyloid deposition and tau in the brain, which are most commonly assessed either in cerebrospinal fluid (CSF) or by molecular imaging, are consistently and widely accepted. Nonetheless, a clear gap still exists in the accurate identification of subjects that truly have the hallmarks of AD. The Coalition Against Major Diseases (CAMD), one of 12 consortia of the Critical Path Institute (C-Path), aims to streamline drug development for AD and related dementias by advancing regulatory approved drug development tools for clinical trials through precompetitive data sharing and adoption of consensus clinical data standards. This report focuses on the regulatory process for biomarker qualification, briefly comments on how it contrasts with approval or clearance of companion diagnostics, details the qualifications currently available to the field of AD, and highlights the current challenges facing the landscape of CSF biomarkers qualified as hallmarks of AD. Finally, it recommends actions to accelerate regulatory qualification of CSF biomarkers that would, in turn, improve the efficiency of AD therapeutic development.
BACKGROUND
Biomarker development and subsequent integration into drug development is critical to accelerating effective treatments for chronic diseases of high unmet need. Precompetitive consortia serve as catalysts to advance biomarker development for use in clinical trials. The Food and Drug Administration (FDA) has two distinct regulatory paths to achieve regulatory acceptance of biomarkers for use in clinical trials: 1) biomarker acceptance through the drug approval process, and 2) the Biomarker Qualification Program. Both pathways can lead to the successful implementation of a biomarker in a clinical trial under a specifically supported "fitness for purpose". The European Medicines Agency (EMA) has also developed similar regulatory pathways for biomarker integration in clinical trials via the Qualification of Novel Methodologies for Drug Development process, in addition to obtaining biomarker acceptance via use in clinical trials.
The first path, the drug approval process, advances the use of a biomarker(s) during development of a novel therapeutic candidate; the biomarker review occurs during the formal review process of the sponsor's Investigational New Drug (IND), New Drug Application (NDA), or Biologic License Application (BLA), or through the equivalent regulatory processes within the EMA. The second path, the Biomarker Qualification Program, developed by the Center for Drug Evaluation and Research (CDER) [1, 2] , has been implemented by the FDA, with the subsequent introduction of a similar pathway, the Qualification of Novel Methodologies for Drug Development process, within the EMA [3] .
Biomarker qualification is defined as a conclusion that within a carefully and specifically stated context of use (COU), the biomarker has been demonstrated to reliably support a specified manner of interpretation and application in drug development [2] . The COU is a comprehensive statement that fully and clearly describes the manner and purpose of use for the biomarker in drug development. Defining a COU is the cornerstone of the qualification discussion as it determines the level of evidence required to support qualification. This qualification can range from that of diagnostic biomarkers used to identify individuals with the disease or defines a subset of the disease, to prognostic biomarkers used to determine the likelihood of a clinical event, disease recurrence, or progression [2] , and to predictive biomarkers that are used as enrichment biomarkers, that are reinforcing trials entry criteria to identify individuals who are more likely to respond to a drug under investigation to a monitoring biomarker that can serve as reflection of drug treatment mechanism of action or treatment outcome, that may eventually become a surrogate biomarker for clinical outcome measures [4] . The level of evidence needed for qualification depends on the category of biomarker (e.g., prognostic, predictive, monitoring, etc.) and the COU (Fig. 1) . Qualification of biomarkers can be a resource intensive process and collaborative efforts by groups such as consortia enable the sharing of cost and risk required to obtain the varying levels of evidence needed to support the regulatory endorsement of biomarkers for widespread use.
In 2015, the FDA-NIH Joint Leadership Council identified the harmonization of terms used in translational science and medical product development Fig. 1 . Qualification of clinical biomarkers, regardless of target patient population, is focused on acquiring sufficient patient level anonymized data to support a given "context-of-use" (COU) for clinical trial decision making. The greater the impact this clinical decision (i.e., COU) has on the patient, the greater the evidence that will be required to support a qualification recommendation by a regulatory agency. The focus of CAMD's work is to provide sufficient evidence for the use of CSF biomarkers for trial enrichment in the pre-dementia stage of AD. Note: At the time of this publication, no clinical biomarker has been qualified as a validated surrogate endpoint for any neurological indication.
as a priority need, with a focus on terms related to study endpoints and biomarkers. With the goals of improving communication, aligning expectations, and improving scientific understanding, the two agencies developed the BEST (Biomarkers, EndpointS, and other Tools) Resource [5] . The first phase of BEST comprises a glossary that clarifies important definitions and describes some of the hierarchical relationships, connections, and dependencies among the terms it contains with the aim to capture distinctions between biomarkers and clinical assessments. It is a meant to represent a living resource that describes their evolving roles in biomedical research, clinical practice, regulatory science advance of drug development tools (DDTs), and medical product development. The EMA has not issued a biomarker glossary, however several guidelines, including the novel draft guidelines on the clinical investigation of medicines for the treatment of Alzheimer's disease (AD) and other dementias, recognize enrichment biomarkers and their critical role in defining trial populations [6] .
One example of a collaborative effort to develop biomarkers for regulatory acceptance is from the Coalition Against Major Diseases (CAMD), one of 12 consortia of the Critical Path Institute (C-Path), whose aim is to streamline drug development for AD and related dementias by advancing regulatory DDTs for clinical trials [7, 8] . C-Path was established in 2005 in response to the FDA's Critical Path Initiative [9] . C-Path serves as a catalyst in the development of new approaches to advance medical innovation and regulatory science by leading teams that share data, knowledge, and expertise to produce sound, consensus-based science [10, 11] . CAMD has achieved success in gaining regulatory endorsement from the EMA for the use of low baseline hippocampal volume as assessed by volumetric magnetic resonance imaging (vMRI) as prognostic biomarker for clinical trial enrichment for pre-dementia AD trials [12, 13] and regulatory endorsement by both the EMA and FDA of a fit-for-purpose clinical trial simulation model of mild-to-moderate AD to aid in clinical trial design [14] .
Core to achieving CAMD's mission is precompetitive data sharing and adoption of consensus clinical data standards (Neville et al., 2016 , manuscript in preparation) [15] . CAMD works to achieve , total tau (t-tau), and/or phosphorylated tau (p-tau), as biomarkers for enrichment in pre-dementia AD clinical trials [16] . The aim of the CAMD CSF project is thus to aim for obtaining regulatory acceptance of CSF measures of A␤ , t-tau, and/or p-tau as prognostic biomarkers within the COU as trial enrichment biomarkers that are identifying subjects which have a much higher likelihood to have AD pathology and consequently are expected to progressively decline clinically, making them suitable as trial subjects in drug development programs addressing AD pathophysiology. To date, the FDA has issued a letter of support to CAMD encouraging the further use and study of CSF analytes as exploratory prognostic biomarkers for enrichment in clinical trials targeting the predementia stage of the disease. Other precompetitive consortia play a key role in advancing CSF biomarkers for use in drug development, including Alzheimer's Disease Imaging InitiativePrivate Partner Scientific Board (ADNI -PPSB) [17] , the International Federation of Clinical Chemistry Working Group for CSF proteins (IFCC-WG CSF) [18] , and the Alzheimer's Association, Global Biomarker Standardization Consortium [19] . Continued alliances across consortia will augment progress by enhancing and expanding initiatives including the establishment of global biorepositories, improved assay analytical performance metrics and development of reference standards for distinct candidate analytes. In addition to the qualification of the candidate biomarkers under review, there is a critical need to advance novel biomarkers and disease progression models for regulatory endorsement across all stages of disease progression (pre-symptomatic to end-stage disease). Continued building of infrastructure to support novel biomarker validation and regulatory qualification will reduce the uncertainty of drug development for AD, a devastating disease in urgent need of both effective therapies and improved ways to assess disease progression [20] .
This manuscript describes the regulatory experiences, learnings, and recommendations of the CAMD AD CSF biomarker team to qualify CSF biomarkers, A␤ , t-tau, and/or p-tau for the specific application of clinical trial enrichment in predementia AD registration trials and also highlights some of the more pertinent recent publications on the topic.
UNMET NEED FOR BIOMARKERS IN AD
For AD, the need is especially great since evaluation of drug response using current clinical measures requires very large, lengthy, and costly trials. The high failure rate of AD drug development [22, 23] is further incentive to employ biomarkers successfully in clinical trials. Effort to implement biomarkers for subject selection were intensified when it was found that up to one-fourth of subjects enrolled in two very large clinical anti-amyloid therapy trials targeting subjects at the mild/moderate stage of AD lacked evidence of amyloid-related pathology as evaluated by positron emission tomography (PET) [21, 23] . This illustrates that a significant proportion of subjects enrolled in clinical trials for AD therapy may show limited or no benefit from otherwise effective amyloid targeted treatments if AD-relevant biomarkers were absent, hence, diluting the relevant treatment population and ability to estimate benefit. Nonetheless, multimodal imaging assessment of different types of neuropathology remain a high priority as the method of choice for a reliable and specific detection and quantification of AD neuropathology in vivo, and, thus, many continue to pursue this as the approach of choice for prevention strategies [24] .
Clinicopathologic investigations indicate that there is a clear gap in accurate identification of subjects that truly have the hallmarks of AD. Notably a recent report documented that more than one-third of APOE 4 non-carriers, with the primary clinical diagnosis of mild to moderate AD dementia, had minimal A␤ plaque accumulation in the cerebral cortex based on clinicopathological findings from the National Alzheimer Coordinating Center's (NACC) Uniform Data Set [25] . The NACC is responsible for developing and maintaining a database of participant information collected from the 29 Alzheimer's Disease Centers (ADCs) funded by the National Institute on Aging (NIA). The ADC Clinical Task Force defined and created a standardized clinical data set, called the Uniform Data Set (UDS). The goal of the UDS is to provide ADC researchers a standard set of assessment procedures, collected longitudinally, to better characterize ADC participants with mild Alzheimer disease and mild cognitive impair-ment in comparison with non-demented controls. It was also observed that approximately half of these participants, with a primary clinical diagnosis of mild to moderate Alzheimer dementia and minimal A␤ plaque accumulation, also lacked evidence of neurofibrillary degeneration upon postmortem examination. Such striking findings highlight the importance of accurate identification of subjects for clinical trials.
The confidence in diagnostic accuracy as assessed by clinical features alone is even more challenging at earlier stages of the disease. Therefore, clinical trials of AD therapeutics targeting early stages of the disease are currently employing biomarkers for subject inclusion and patient stratification according to the diagnostic criteria collectively endorsed by the consensus of experts in the field [26, 27] . Evidence from ADNI-1 suggests that there is a temporal relationship of pathologic events in AD, CSF biomarkers, and progression to AD [28, 29] . Although the latter study shows there is value in using CSF biomarkers, when compared to the sensitivity of the AD signature MRI biomarker of cortical thickness, the effect was inferior.
While regulatory agencies have acknowledged the importance of biomarkers in AD drug development [30] and clinical trial enrichment [31] [32] [33] , the greatest impediment to qualifying a CSF biomarker for AD trial enrichment by regulatory agencies has been gaining access to patient-level, anonymized data to support the qualification process. The reasons underlying this impediment will be discussed in greater detail in the following sections.
THE CONSENSUS LANDSCAPE OF CSF BIOMARKERS FOR AD
Despite decades of research that led to the identification of potential biomarkers with links to AD pathophysiology (plaques, tangles, neuronal and synaptic degeneration and loss, oxidative stress, inflammation), only a few biomarkers remain consistently and widely accepted [34] . These include biomarkers linked to amyloid deposition and neurodegeneration in the brain, which are most commonly assessed either in CSF or by molecular neuroimaging. The initial identification and early understanding of the potential utility of these biomarkers has been enabled by Alzheimer's Disease Neuroimaging Initiative (ADNI). ADNI has exceeded its initial goals of AD biomarker standardization and characterization of disease progression and serves as a key example of the role of precompetitive collaborations in transforming our understanding of AD and incentivizing drug development [35] .
Compared to amyloid PET, CSF biomarkers offer the potential of measuring, multiple analytes in the same sample, reflecting distinctive pathologic hallmarks. Like volumetric measures of brain structure that reflect a spectrum of interrelated neurobiochemical process changes, assessing multiple analytes may provide a more reflective picture of the ongoing dynamic changes in accessible biomarkers. CSF, by virtue of its close association with brain interstitial fluid, is a fluid matrix well suited for assessing the biochemical processes occurring in and around the cells of the brain. In addition, biochemical analytes measured in CSF are often reflective of pathogenic processes in the brain [36] .
AD biomarkers that have been extensively studied include A␤ , t-tau, and p-tau. A␤ is the most abundant form of A␤ found in amyloid plaques [37] . Moreover, the reduced concentration of A␤ in CSF of individuals with AD pathology is presumed to reflect aggregation of A␤ 1-42 in brain parenchyma [38] [39] [40] . Further reduction in CSF A␤ is known to occur longitudinally as fibrillar A␤ is deposited as plaques in the brain [41, 42] .
An increase in CSF t-tau levels likely reflects an index of neurodegeneration and have been shown to correlate with the amount of neurofibrillary tangles in the brain [41] . Importantly, a multitude of distinct studies have shown that individuals with mild cognitive impairment (MCI) who progressed to AD dementia have decreased levels of CSF A␤ together with increased levels of CSF t-tau and ptau [43] [44] [45] . However, it should be recognized that although elevated levels of t-tau reflect an ongoing neurodegenerative process, the localization within different brain circuits can vary widely [46] which is consistent with variance in the constellation of symptoms expressed across different neurodegenerative disorders.
A systematic review of studies employing these CSF biomarkers confirmed that low A␤ 1-42 combined with high t-tau or p-tau represent a sensitive and specific biomarker signature of disease progression from MCI to AD dementia [47, 48] . This CSF biomarker signature has been confirmed by multiple investigators across numerous independent cohorts despite the use of different assays and cut-points. A recent meta-analysis aimed at identifying the risk factors for predicting the progression from MCI to 24 
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AD inventoried over 14,000 participants across 16 countries and reported that the ratio of CSF tau and A␤ was one of the most significant predictors of disease progression [49] .
The use of CSF analytes A␤ , t-tau and p-tau for selecting clinical trial subjects has been explored as a way to ensure that subjects enrolled in the trial have a high likelihood of showing disease progression in clinical trials of prodromal AD subjects [50] . By measuring CSF analytes at baseline, subjects who are unlikely to progress or decline in cognition and function can be excluded from the trial. In addition, by using specific cut-off scores for the relevant analyte(s), subjects who are likely to measurably decline during the study period could potentially be identified, thus reducing the number of subjects required to achieve the appropriate statistical power.
Significant gaps exist in successfully implementing CSF biomarkers in global clinical trials. At present, there is no consensus on threshold/cut-off values for the CSF AD analytes and absolute levels of analytes vary substantially between laboratories even when employing a single assay platform [51] . In addition, there is also no consensus on the use of single biomarker or a combination of biomarkers. Such issues are important to address for successful implementation of AD CSF biomarkers in multisite clinical trials. For example, the use of CSF biomarkers has been hampered by the lack of standardization between values generated by different immunoassay formats, the assay lot-to-lot variability, the lack of awareness of all variables that can affect the outcome of a test for one or more analytes, and differences in critical assay reagents. Standardization of CSF biomarker analysis, a clear unmet need, is underway with global initiatives in both EU and US [19, 52, 53] in order to augment progress and success in multicenter trials. Substantial progress has been made by the International Federation of Clinical Chemistry CSF Working group (IFCC WG-CSF) [54] to provide a reference measurement procedure (RMP) and certified reference material (CRM) for CSF A␤ . A CRM, i.e., a universally accepted reference material such as CSF aliquots with exact levels set using the RMP, which can be distributed to kit vendors and large laboratories for harmonization of levels between assay formats and between batches, has been recently approved for A␤ [55, 56] but still requires further development for other CSF analytes. Advancement of mass spectrometric-based methods of amyloid protein will enable both accuracy and precision in the future [57] [58] [59] [60] [61] . Two RMPs for the quantification of CSF A␤ 1-42 based on LC-MS/MS have been accepted and listed by the Joint Committee for Traceability in Laboratory Medicine (JCTLM) as RMPs (no. C11RMP9 and C12RMP1). Such developments are essential for multisite global implementation of CSF biomarkers [62] .
Increasing focus is being given to identify which group of cognitively normal individuals shows the greatest cognitive decline over time based on their CSF biomarker profile [63] . This study concludes that clinical trials enrolling cognitively normal individuals should selectively recruit participants with abnormal levels of both amyloid and tau (i.e., stage 2) because this group would be more likely to show cognitive decline over time. While this clearly identifies the individuals most likely to progress, it raises a question of critical importance. Is this fast progressing population of patients most likely to be effectively treated with preventive therapies, or is it these patients that are least likely to show improvement?
Finally, there is emerging data to suggest that what is being learned from CSF biomarkers in AD may share common biochemical themes with CSF biomarkers from other neurodegenerative diseases. There are increasing reports that the profiles for tau in CSF of patients with AD, progressive supranuclear palsy, and dementia with Lewy bodies is elevated, but with unique patterns [64] . Also, in Parkinson's disease (PD), which is known to have a high incidence of dementia, emerging data suggests that, a fivemarker subset panel employed in a classifier trained to recognize AD CSF analytes (t-tau, p-tau, A␤ ), APOE genotype, and SPARE-AD imaging score, also discriminated with 80% accuracy, cognitively normal PD patients versus PD patients with dementia (PDD) [65] . The authors concluded that: "Thus, an AD-derived biomarker signature may identify PDD patients with moderately high accuracy, suggesting mechanisms shared with AD in some PDD patients. Based on five measures readily obtained during life, this AD-derived signature may prove useful in identifying PDD patients most likely to respond to AD-based crossover therapies." Conceivably, future modeling work combining qualified CSF biomarkers, imaging biomarkers, and other types of functional measures will improve both the sensitivity and specificity to predict disease progression, and perhaps, treatment outcomes. It will be interesting to see whether similar "biomarker fingerprints" of dementia are revealed in other neurodegenerative diseases.
COMPARISON OF BIOMARKER ACCEPTANCE PATHS AND THEIR USE IN DRUG DEVELOPMENT
In the context of drug development, biomarkers can be considered to be DDTs. DDT qualifications have been adopted by global regulatory agencies in addition to FDA, including the EMA and Japan's Pharmaceuticals and Medical Device Agency (PMDA). These regulatory pathways provide a framework to evaluate and adopt new tools into regulatory decision making in drug development, increasing the efficiency for achieving consensus science around the appropriate COU for a new tool in a drug development program. This section will address the similarities and differences between the acceptance of a biomarker as a DDT for a specific therapeutic agent, and the qualification of a biomarker as a DDT across multiple therapeutic interventions (Fig. 2) .
The regulatory requirements, evidentiary standards, and performance requirements needed to obtain an Investigational Device Exemption application (IDE) to study an investigational medical device or an In Vitro Diagnostic (IVD) approval from FDA are quite distinct from those required to achieve regulatory agency biomarker qualification [66] . At present, there is confusion by many stakeholders regarding the regulatory implications of an IVD approval versus a qualified biomarker. Biomarker qualification pertains to an application of a reliable measurement method/biomarker for a specific context of use in drug development; critically, it is conceptually independent of a specific test or assay. Approval of a biomarker as a stand-alone diagnostic or IVD pertains to a defined assay for clinical use (stand-alone diagnostic) or for use as a companion with a therapeutic product with a defined mechanism of action (target-dependent "companion diagnostic"). Thus, biomarker qualification has broad applicability to benefit the entire field, while IVD approval applies to a specific diagnostic test, assay, or device. Both regulatory paths are of value and these biomarkers paths can be advanced in parallel.
Regulatory agencies have recommended biomarker qualification as a mechanism to integrate the use of biomarkers into drug development programs Fig. 2 . There are two independent biomarker acceptance pathways through which biomarkers can be integrated into drug development for a specific COU. The first is typically sponsored by a single company, and is focused on delivering a companion diagnostic assay that supports a single therapeutic product. The second is typically done collectively by a consortium that provides a diverse range of clinical data across multiple studies to support a specific COU that would have applicability across multiple treatment modalities. This figure summarizes the high-level considerations of each pathway. and improve the efficiency and safety of clinical trials testing novel therapeutics [2, 4] . In its guidance for qualification of DDTs [67] , the FDA recognized the challenges of achieving biomarker qualification, and therefore encouraged individuals or companies to collaborate through consortia that foster sharing of precompetitive data and use of data standards [68] . Such efforts distribute the cost and risk of qualification among multiple stakeholders and enable the FDA to perform a single evaluation of a biomarker proposal, as opposed to multiple evaluations of different submissions that might have limited data, when evaluated independently. Importantly, precompetitive efforts within consortia can offer the advantage of larger and conceivably more diverse datasets across ethnic and geographic backgrounds in support of the qualification application.
All entities (e.g., academic, industry, patient groups, and foundations) involved in driving biomarker research for AD agree that finding a validated biomarker for a specific COU would be transformational for advancing the efforts to find innovative treatments for this devastating disease. Unfortunately, for the patients and their families, a competitive drive has motivated some entities not to share incredibly valuable data with the scientific community, and these entities have approached the regulatory agencies individually in the hopes of having a competitive advantage for their therapeutic product. In addition, informed consent documents often do not allow the distribution of anonymized data to consortia for the future purposes of biomarker qualification. Going forward, organizations participating in consortia efforts to qualify AD biomarkers should provide within informed consent documents clauses to enable patients to share their anonymized data to benefit AD biomarker qualification.
Notably, Lavezzari and Womack point out there are differences in the trends between therapeutic areas and how biomarker qualification has been focused [69] . Unfortunately, neurology lags behind other therapeutics areas such as oncology in terms of biomarker qualification.
The FDA and EMA have somewhat different policies and procedures for qualifying biomarkers as DDTs ( Table 1) . Most of these differences relate to the distinctively unique regulatory infrastructures and policies across global regulatory agencies. In the European Union, the EMA Committee for Medicinal Products for Human Use (CHMP) may provide either qualification advice or a qualification opinion, as outlined in a guidance published in 2009, and updated in 2012 and 2014 [3] . The FDA focuses keenly on measurement science and standardization as a critical component of the biomarker qualification and review. Similarly, the EMA stated in their CSF biomarker qualification opinion issued in 2011 [70] (see below), "Collection, procedures and measurements of all CSF samples should be done in accordance with Good Laboratory Practices and the specific International standards for these measurements." In the AD biomarkers that achieved qualification opinions with the EMA, some attention to biomarker standardization is noted, yet much of the decisions are left to the sponsors, leaving the field in many cases without absolute standards to rely upon.
With both agencies, the regulatory implications for qualification require a higher level of supportive evidence as compared to the use of a biomarker to support an individual drug submission and regulatory approval. On the other hand, qualification has broad utility across multiple therapeutic candidates independent of the precise mechanism of action of the drug. Qualification of a particular biomarker is potentially relevant to the drug development programs of many sponsors. As such, the evidentiary requirements are greater for biomarker qualification than for employing a biomarker for a specific purpose in a single clinical trial. The risk/benefit ratio is key to consider in this context. Positive qualification decisions are publically communicated to the drug development and research communities through regulatory guidance documents by FDA's Center for Drug Evaluation and Research (CDER) [2, 4] and publically posted by the EMA and recommended as qualified DDTs across distinct programs.
As summarized in Table 1 , although the FDA and EMA approach the process of biomarker qualification in a slightly different manner, they both are encouraging the scientific community to build reliable DDTs to accelerate the delivery of innovative medicines.
REGULATORY ADVANCEMENTS OF AD BIOMARKERS
In 2014, the FDA implemented a new initiative that aims to catalyze progress in the development of evidence for biomarker utility. As an additional novel regulatory tool to encourage biomarker development, the Letter of Support (LOS), is publicly posted on the FDA's website [71] . While a biomarker may still lack sufficient data to achieve full qualification, a LOS provides support that the biomarker has demonstrated promise based on the level of evidence that has been formally provided to regulators. The LOS encourages data sharing and implementation of globally accepted consensus standards to facilitate needed studies for qualification. In 2014, the EMA also launched this LOS mechanism to facilitate studies aimed at eventual qualification for the novel methodology under evaluation.
The EMA has issued qualification opinions on several AD biomarkers, including CSF A␤ 1-42 and t-tau, for use in clinical trials [14, 30, 31, 70, 72] . In 2011, the EMA issued a qualification opinion on the use of CSF biomarkers for BMS-708163 (Avagacestat), which stated that "the CSF biomarkers signature based on low A␤ 1-42 and a high t-tau qualifies to identify MCI patients as close as possible to the prodromal stage of AD [26, 73] , who are at risk to evolve into AD dementia," [70] . The EMA followed this in 2012 with a qualification opinion on the use of CSF A␤ and t-tau, and/or PET amyloid imaging as biomarkers for enrichment of subjects with mild to moderate AD for clinical trials, in which they determined that the "CSF biomarker signature based on A␤ 1-42 and t-tau qualifies to identify patients with clinical diagnoses of mild-to-moderate AD who are at increased risk to have an underlying AD neuropathology, for the purposes of enriching a clinical trial population," [31] .
While the FDA has not formally qualified any specific biomarker for AD, they have included the use of biomarkers in the early AD draft guidance [33, 74] in the recent white paper on targeted drug development [75] , and have issued two letters of support for AD biomarkers (CSF analytes [76] and low baseline hippocampal volume [77] ) as prognostic biomarkers for enrichment.
The CAMD CSF Biomarker Team continues in the effort to seek qualification from the FDA on the use of CSF analytes as prognostic biomarkers for enrichment at the pre-dementia stage of clinical trials. The context of use for the CSF biomarkers is clinical trial enrichment or population stratification for analysis in amnestic MCI (aMCI) subjects. The purpose is to utilize the CSF analytes A␤ 1-42 , t-tau, and/or p-tau as prognostic markers for clinical trial enrichment to maximize the probability of longitudinal progression of decline over the duration of a 2-year clinical trial. The CAMD CSF effort currently does not include the diagnostic use and in vitro diagnostic (IVD) approval of CSF biomarkers, nor is the project currently considering these biomarkers as predicative biomarkers of treatment effects, nor as pharmacodynamic/response biomarkers, nor as monitoring or possibly surrogate endpoints of efficacy. CAMD's CSF biomarker team is presently at the Consultation and Advice Stage of biomarker qualification with FDA. To date, the team has provided FDA with data analyzed from ADNI and extensive literature supporting the proposed COU. Such data were deemed appropriate for FDA's issuance to CAMD of the LOS to encourage the further study and use of the CSF analytes A␤ 1-42 , t-tau, and/or p-tau as exploratory prognostic biomarkers for enrichment in trials for AD [76] .
The EMA has recently issued for comment "Draft guidance on the clinical investigation of medicines for the treatment of Alzheimer's disease and other dementias". Of particular importance in the draft guidance is commentary with respect to diagnostic criterion used, and how the use of different criterion may lead to different study populations of MCI (see section 5.2 of EMA guideline [6] ). Importantly, the International Working Group (IWG) defines Prodromal AD as subjects with objective memory impairment and positive pathophysiological biomarker evidence as mandatory evidence. In contrast, the National Institute of Aging and Alzheimer's Association (NIA-AA) defines MCI due to AD as subjective or objective memory impairment and, while biomarker evidence is supportive, it is not mandatory. Furthermore, prodromal AD patients do not have functional impairments in instrumental activities of daily living (IADL) as defined by IWG, whereas NIA-AA accepts that patients with MCI due to AD can present with minor deficits in IADLs. Thus, because the use of different diagnostic criterion could result in different patient populations, caution will need to be taken when designing global development programs for future AD treatments, as well as determining cut-points for study inclusion. For considerations regarding the use of biomarkers for different contexts-of-use, see below [78] . Table 2 summarizes specific qualification opinions that are available for AD trial considerations.
Formal approvals have been issued by the FDA in the area of molecular neuroimaging biomarkers. The FDA has approved the use of three amyloid PET imaging radioligands for the detection of brain amyloid through the regular NDA application process of radiotracers [79] . However, these ligands are not yet approved for the diagnosis of AD nor are they qualified for use as enrichment biomarkers in drug development [80] . In contrast, the EMA has qualified the same amyloid tracers for the intended use as drug trial enrichment biomarkers [31] .
CHALLENGES TO SUCCESS
The major challenge faced by the CAMD CSF Biomarker Team to qualify CSF A␤ and tau measures is the difficulty in acquiring relevant clinical trial data from the sponsors of completed studies in the defined target population, predementia to MCI AD. In some cases, consent agreements failed to adequately anticipate the potential utility of stored samples and data analyses required for biomarker qualification. This challenge is especially notable for the CSF biomarkers owing to the difficulties of specimen collection via lumbar puncture. While the CAMD CSF Biomarker Team has encountered other issues, including the differences in pre-analytical sample handling, a lack of global standardization and harmonization of the available analytical methodologies, and a clear consensus on how to optimally analyze available data, these issues represent minor concerns when compared to the data access issue.
The implementation of clinical data standards, particularly those for biomarkers, is key to enabling future data integration and pooling. Despite the numerous publications that focus on specific parameters and pre-analytical factors recommended for all phases of CSF biomarker assay implementation [52, 59, [81] [82] [83] [84] [85] , at present there is no way to either enforce or incentivize sponsors to comply with these recommendations. Consequently, many clinical studies use different CSF assay conditions and parameters, making it exceedingly difficult to compare or pool data across trials [86] .
Working with the Clinical Data Interchange Standards Consortium (CDISC), C-Path has successfully developed consensus data standards for multiple diseases, with specific focus on CNS conditions. CDISC's mission is to develop and support global, platform-independent data standards that enable information system interoperability to improve medical research and related areas of healthcare [87] . For AD CDISC standard development, a coalition of Table 2 Publically available biomarker qualification opinions in AD 
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academic experts, industry members, and regulatory agencies, in conjunction with ADNI leaders, collectively developed data standards in partnership with CDISC that included brain imaging, CSF, and cognitive endpoints. These standards were reviewed with respect to prevention trials with a focus on imaging (structural/MRI, PET) and CSF biomarkers. For CSF biomarkers, the relevant parameters identified include time and date of lumbar puncture, specific anatomical location of lumbar puncture (L3-L4 intervertebral space), gauge of spinal needle, and storage tube type. These important parameters have been highlighted in recent publications focused on standardization of CSF biomarkers [82] . Implementation of CDISC standards, particularly in the biomarkers arena, promises to facilitate improved efficiencies and harmonization in clinical trials. Notably, the FDA recommended the use of CDISC standards in the 2015 LOS regarding CSF biomarkers [76] . By 2017 there will be a requirement for all sponsors to submit data that comply with CDISC standards before it will be evaluated for regulatory feedback by CDER.
There is a critical need for biomarker data based on study designs and analytical methods that are acceptable to support regulatory decision-making. The major difficulties with the analytical methods employed in completed global multisite clinical trials relate to (i) the limited harmonization of results for CSF biomarkers obtained on different technology platforms, (ii) issues with some of the key performance characteristics, and/or (iii) the lack of an accepted RMP and CRM for each analyte. Initiatives to develop global calibration standards for CSF biomarkers are progressing well for A␤ (see below), yet this is still an unmet need for other analytes. Improved methods ultimately are expected to provide high-throughput, random access and thus operationally practical methods that are both precise and accurate [88] . Such methods will also facilitate incorporation of CSF biomarkers into clinical trials of candidate pharmaceuticals with greater confidence in reliability and reproducibility of the measurements and interpretation of results.
There is an urgent need to share biomarker data from relevant clinical trials of candidate drugs initiating treatment at the prodromal AD stage. At the present time, there are few clinical trials that have been completed which have utilized biomarkers for inclusion in prodromal AD subjects. Two randomized controlled clinical trials of amyloid lowering candidate therapies, namely Avagacestat and Ganteneuramab [50, 89] , were reported to have applied the NIA-AA (Avagacestat) or Dubois (Ganteneuramab/ ScarletRoad) criteria for subject selection, yet disclosures to date indicate that these studies did not employ the same assay and thus, used different cut-points. Nevertheless, even for drug trials that do not meet their primary endpoints and/or are discontinued, there are critical learnings to be gained by all stakeholders through data sharing. In addition, there is a need to share assay analytical performance data of existing and promising new biomarker platforms including next generation immunoassays under development or being commercialized.
Increased scientific rigor in biomarker research is urgently needed to develop, validate, and ultimately qualify biomarkers [90, 91] . There is a need for properly designed studies with adequate power to demonstrate the required reproducibility, sensitivity to diagnostic differences and clinical change, and ability to calibrate across multiple platforms. Recent recommendations support the appropriate evidentiary standards required for assay validation for immunoassays [92] . To obtain data from diverse stakeholders, including diagnostic manufacturers, poses particular challenges since in many cases the assays are advancing via various regulatory pathways toward diagnostic use. This is naturally dependent on a thriving competitive landscape for diagnostic companies and assay manufacturers to either independently or in partnership with pharmaceutical industry collaborators, develop companion or stand-alone diagnostic tests for regulatory approval. However, a key risk for the field is that when a drug candidate fails in AD and the sponsor may downsize or eliminate its investments, the information obtained on that biomarker may be lost and the sharing of that information significantly delayed or halted. Valuable data, knowledge, and investments are at risk, hindering the field's advancement of that biomarker. Moreover, such challenges augment the overall risk of drug development in this disease area in critical need for effective treatments.
CONCLUSION AND RECOMMENDATIONS FOR THE FUTURE
To achieve regulatory qualification by the FDA of CSF biomarkers for use in clinical trials in subjects with early AD, the authors recommend several steps to accelerate future biomarker development and increase success in therapeutic development. Table 3 CAMD's recommendations to advance CSF biomarkers for AD
Regulatory Sciences
• Harmonization of diagnostic criterion (IWG versus NIA-AA) that defines patient populations studied • Expanded alliances of all stakeholder groups, particularly precompetitive consortium working on discovery, validation, and regulatory endorsement of AD biomarkers • Full engagement and active participation of relevant diagnostic companies and manufacturers, particularly as contributors of data, under confidentiality • Continued engagement with submission of data analyses and methodology to regulatory agencies to ensure that qualification efforts can progress efficiently • Dedicated resources to support quantitative understanding of AD disease progression from pre-symptomatic to end-stage disease, including assessment of sources of variability • Increased recognition that a single biomarker will likely be insufficient to understand AD disease progression and the need for increased support for quantitative modeling of AD including multiple covariates Data Standards and Data Sharing • Use of AD CDISC biomarker and clinical data standards in ongoing and prospective clinical trials of subjects with AD • Harmonizing data generated by different technology platforms, as well as documentation of the commutability of the analytic system with a reference method • Sharing data at the individual patient level from relevant clinical trials, including biomarker data and accompanying clinical data on all subjects at baseline and follow up, from independent cohorts and international initiatives Assay Validation • Sharing bioanalytical assay performance data supporting reliability and reproducibility of all relevant CSF biomarker assay platforms • Classification and identification of the assay analytical expectations and performance requirements required to support biomarker qualification These steps are focused on collaborative efforts that include data standards, data sharing, and validation of biomarker assays. FDA qualification of AD CSF biomarkers in clinical trials is expected to improve the chances of success of new, greatly needed therapies for patients with AD.
By implementing the suggested actions below, collaboration will become the norm, data standards and data sharing will be recognized as a must, and standardization and harmonization of assays will be a cornerstone practice. Figure 3 illustrates the current activities within the CSF biomarker space, and indicates how CAMD's focus on regulatory qualification has led to alignment across consortia. Working collectively to share costs and risks, international consortia such as CAMD are steadily making progress toward scientific, clinical, and regulatory acceptance of CSF biomarkers for AD.
CAMD's recommendations to advance CSF biomarkers for AD are summarized in Table 3 , and are focused on three key areas: regulatory sciences, data standards and data sharing, and assay validation.
